Introduction
The overuse of chemical pesticides led to the fast-growing development of resistance in targeted insect pests, as well as to severe effects on non-target organisms and human health as well (Desneux et al. 2007; Benelli 2015 Benelli , 2018a Naqqash et al. 2016; Pavela and Benelli 2016; Guedes et al. 2016) . In plant protection, a number of eco-friendly methods to manage insect pest populations have been developed with the aim to reduce the employ of synthetic pesticides (Gut et al. 2004; Millar 2007; Welter et al. 2005; Witzgall et al. 2010; Brockerhoff et al. 2012; Daane et al. 2012; Miller and Gut 2015) . Unfortunately, they are still underused by a substantial number of Mediterranean stakeholders, due to lack of knowledge and trust. Indeed, farm managers are often aware of the existence of alternatives to pesticides. However, they do not know exactly the potency of a given mean or strategy and/or do not have full confidence in their effectiveness (Cooper et al. 2014) . This can be partially due to a communication gap among researchers, policy makers, and farmers at country or regional level (Lamichhane et al. 2016) .
In the USA, this gap is filled by the University Extension Services, which support farmers disseminating research-based information, to implement innovative methods for pests and diseases (Gadino 2012; Gadino et al. 2016) . In recent years, the public Extension network experienced a fruitful cooperation with the private sector, encouraging and delivering effective and implementable solutions leading to substantial benefits to farmers (Krell et al. 2016) . But what happen in European countries hosting important agricultural activities, like Italy? The scenario is patchy and confused. For instance, Trentino South Tyrol (Italy) hosts a good example of close cooperation between growers and research institutions, which allowed establishment of Integrated Pest Management (IPM) in the Region. Notably, the driving force for IPM implementation was the adoption in the last 20 years of the pheromonemediated mating disruption (MD), which strongly reduced insecticide use in that Region. MD has been applied from the 1990s with an area-wide approach against the codling moth and the leafrollers on apple crop, and against the vine moths in the vineyards (Ioriatti and Lucchi 2016) . Although the mountainous terrain of the area was not optimal for the efficacy of MD, grower cooperatives and their field consultants were strongly influential in convincing growers to accept MD technology. Public research institutions conducted extensive research and education, and provided credible assessments of various MD formulations (Ioriatti et al. 2011 (Ioriatti et al. , 2012 . Thus, the development and adoption of area-wide mating disruption in Trentino-South Tyrol resulted from the merging of several favorable factors, which brought together researchers, advisors, cooperatives, growers, pheromone distributors, and related industries.
The results achieved in Trentino-South Tyrol have not been replicated in the rest of Italy, due in part to the lack of cooperation between research institutes, industry, and growers. On the other hand, some promising signals have been recently noted. Here, we focused on a fruitful cooperation between University and farms, which recently led-in less than 4 years-to the adoption of pesticide-free IPM approaches in about 1200 ha of highly valued Tuscan vineyards.
What we are talking about: top-quality vineyards in the hearth of Tuscany Bolgheri (coastal Tuscany, DMS: 43.233982, 10.614802) , one of Italy's most prestigious areas for the production of top-quality and high economic value wines, mainly produced from Cabernet Sauvignon, Cabernet franc, and Merlot cultivars (http://www.wine-searcher.com/regions-bolgheri) (Fig.  1) . The Bolgheri area is characterized by sandy soils and mild climate with medium-high rainfall (400-800 mm per year on average).
Issues to watch for
The highly valued Bolgheri vineyards have historically been affected by heavy infestations of two key pests, the European grapevine moth (EGVM), Lobesia botrana (Denis & Schiffermüller) (Lepidoptera: Tortricidae) (Fig. 2) and the vine mealybug (VMB), Planococcus ficus Signoret (Hemiptera: Pseudococcidae) (Fig. 3) .
Insecticide strategies generally adopted by growers included two or three sprayings per year against EGVM with insect growth regulators or organophosphorates, and 1-2 treatments per year against VMB with chitin-synthesis inhibitors or neurotoxic insecticides, leading to detrimental consequences on non-target species and the environment. Recently, one famous winery located in Bolgheri (Guado al Tasso, Marchesi Antinori®) asked University for help to manage insect pest outbreaks. Indeed, insecticides have been showing limited efficacy in the previous years, so that the winery manager would like to start adopting alternative and more sustainable strategies.
Best practices and possible solutions to manage insect pests On our proposal, the farm firstly applied the pheromonemediated mating disruption (MD) in late March 2014 against L. botrana on one sixth (50 ha) of the whole farm surface, to be able to compare obtained results with the conventional insecticide strategy. MD was applied with Shin-Etsu Isonet L TT® dispensers (Fig. 2) at a rate of 250 units/ha. The control strategy to manage P. ficus populations included the release of two biological control agents (BCAs), the encyrtid parasitoid Anagyrus sp. near pseudococci (Girault) in May (1000 insects/ha on a total of 3.5 ha) and the coccinellid predator Cryptolaemus montrouzieri Mulsant (500 insects/ha on a total of 4 ha) in June and/or July (Fig. 3) .
From the beginning, the management of the program was in the hands of a technical working group (TWG) composed by University of Pisa applied entomologists and winery technicians. The monitoring of pest populations was carried out with pheromone traps and cluster sampling. Field assessments . In 2016, this moth pest has been controlled in more than 1200 ha relying to a pheromone-mediated mating disruption approach; here, b a sex pheromone dispenser (Isonet® L TT, Shin-Etsu) releasing (7E,9Z)-7,9-dodecadien-1-yl acetate during mating disruption programs carried out in Tuscany against L. botrana were conducted both in MD and conventional vineyards regarding EGVM and in the plots where biocontrol agents were released. Since a frequent knowledge gap for IPM practitioners has been earlier detected concerning natural enemies and their function in these agroecosystems (Jones et al. 2009 ), the field release of vineyard biocontrol agents was preceded by interactive workshops and hands-on field day activities carried out by University personnel with local farmers and agronomists, with the main aim to learn how to monitor pest populations, as well as how recognize and protect beneficial arthropods in vineyards.
To assess the effectiveness of MD against L. botrana, we considered (a) the number of male captures per pheromone trap (Trap Test Isagro®) per week as well as (b) the rate of infested bunches and number of nests per inflorescence (first generation), or number of larvae per bunch and number of damaged berries per bunch (second and third generation). First-and second-generation infestation was measured through on-site surveys on non-destructively sampled inflorescences and clusters. As to the third generation, an estimate of the larval population and the grape infestation was made at harvest, on samples collected in the vineyards and dissected in the laboratory (Lucchi et al. 2018) . As for VMB populations, the effectiveness of biocontrol agents was assessed in midJuly and at harvest by checking A. sp. near pseudococci parasitization rate in mid-July and at harvest, and estimating the abundance of C. montrouzieri larvae and adults in the VMB colonies. Field efficacy assessment led to the analysis of more than 20,000 grapes during the overall growing season.
Results were very promising; the farmers did not spray against L. botrana in MD areas, with extremely low infestation at harvest (less than 5% of infested bunches) (Lucchi et al. 2018) , whereas they sprayed two times in the conventional areas, with a more limited efficacy. Besides, excellent results were obtained in the control of VMB, so that other local farms joined the project. MD was then applied on about 300 ha in 2015, and biocontrol agents were efficiently released in new plots for a total of about 20 ha with positive results. Therefore, the following year (2016) other farms joined the project. MD was applied on 700 ha in the Bolgheri area and biocontrol agents were released on 200 ha. The substantial decrease in the amount of insecticides due to MD and biocontrol agents use was perceived as the first major step forward, which improved the public perception that wine was produced with high environmental safety standards. The action plan drastically reduced insect populations, so that other farms joined the program and the area managed in IPM further raised in 2017 (biocontrol agents on 800 ha and MD on more than 1200 ha). The economic evaluation of biological vs. chemical control strategies to manage EGVM and VMB is presented in Tables 1 and 2 . Estimates have been done considering current routine choices by the agronomists of Guado al Tasso, Marchesi Antinori® (Table 1) and another top-quality Tuscan wine producer in Bolgheri (Table 2) . Table 1 shows a pronounced difference between chemical and biological control strategies carried out in the top-quality farm Guado al Tasso, Marchesi Antinori®, where two insecticide-based treatments per insect pest are usually carried out in vineyards managed with chemical control, without the presence of work for hire, leading to a final cost of 219.16 € over the 417.00 € of biological control (Table 1 ). However, costs may vary consistently according to the routine choice for pest management in the studied farms. In Table 2 , the cost of biological control is still higher if compared to chemical control (435.75 vs. 357 .00 €/ha), while a further difference of about 130 euros/ ha is experienced if a B. thuringiensis-based treatment is required during the grape growing season. This difference is mostly due to the high cost of work for hire needed for insecticidal treatments.
Very recently, the fruitful cooperation between University of Pisa applied entomologists, farms, and winemakers continued with a Tuscan regional project PIF BArtisans of Tuscan wine^funded by EU through Regione Toscana (PSR 2014-2020). The project was funded for an overall budget of about 4 million euros, of which more than 220,000 euros have been devoted to the action 16.2 named BIntroduction and evaluation of biological control techniques for an effective and sustainable control of vineyard insect pests in Tuscany.^This action was aimed to improving the grapevine quality and reducing costs, through the reduction of EGVM and P. ficus infestations using control tools with minimal environmental impact. A major focus was dedicated to the understanding of natural enemy biology in Tuscan vineyards, as well as to shed light on the efficacy of pesticide-free control approaches, such as MD against L. botrana. The final aim was to transfer new information, encouraging decision-makers adopting more practices to conserve natural enemies and boost good IPM practices.
In agreement with the criteria recently summarized by Gadino et al. (2016) , the goals outlined above have been reached through technology transfer activities directly carried out in the field by the University personnel, as well as interactive workshops dedicated to update farmers with novel strategies, including the employ of selected biocontrol agents and/ or MD approaches (Fig. 4) . In the last 2 years, the technology transfer activities conducted in the field led to the training of more than 50 operators (i.e., 4 or more per farm), who are still active as skilled personnel monitoring vineyard pests, to ensure a timely and effective approach when applying control strategies. Furthermore, more than 200 farmers and winemakers participated to the technology transfer meetings, conducted in various locations on the Tuscan coast during the whole project duration. Besides interactive workshops, handson field day activities were carried out by University applied entomologists with the decision-makers during the whole grapevine growing season (i.e., 7 days per month, from early April to late September, in various Tuscan farms joining BIOCONVITO), along with lectures and presentations (i.e., > 30 events during the project, with a total of more than 200 participants), print articles and posters (more than 10 items published during the project and discussed with decision makers) and online media shared by University of Pisa (e.g., https://www.youtube.com/watch?v=ILa2ZawSBHc&t=2s) were used to train farmers and agronomists to recognize, monitor, and promote the populations of biological control agents, as well as to monitor pest population abundance (Fig.  4) . As earlier stressed out by Gadino et al. (2016) , the results of BIOCONVITO are fully available to farmers and agronomists on the project website (http://www.bioconvito.it/). One may argue that results reported here promoted IPM only at regional scale. However, this is not the case. Indeed, the approach followed here by top-quality Tuscan grapevine producers has been highlighted at European Union level within the meetings of EIP-AGRI Focus Group (FG) on diseases and pests in viticulture.
Keys of success, future challenges, and lesson learned
Currently, more than 249,000 ha of vineyards is managed using MD against EGVM in Europe, with about 76,000, 60,000, 47,000, and 36,000 ha in Spain, Germany, France, and Italy, respectively. Based on the experience in Italy described above, we identified several key factors leading to the operational success of the proposed approaches. First, sharing the problem: the limited efficacy of insecticides pushed growers to look for alternative and more sustainable strategies. Second, the cultural conditions: vineyards were relatively young and well managed. Third, the involved Tuscan growers and technicians were well trained and open to new experiences. Fourth, the University's support has been revealed as crucial to the success of the program.
Decision-makers particularly appreciated hands-on field activities aimed to learn how pests can be monitored and how biocontrol agent populations can be protected and promoted. In this framework, a major future challenge will be find dedicated funds to build interactive online course where participants can be constantly updated with novel technology transfer knowledge, as well as perform field simulations about how to correctly set an MD-or biocontrol agent-based pest management strategy. In addition, new proposal at national and EU level are ongoing to receive funds for area-wide natural enemy monitoring projects, and creation of a smartphone or tablet accessible field guide for common Tuscan vineyard pests and related biocontrol agents (see also Gadino et al. 2016) . Notably, area-wide pest and biocontrol agent data collected by farmers during the grapevine growing season can be used to develop online databases helping decision-makers to do their IPM choices, predicting pest populations and (Lamichhane et al. 2016) . Overall, as a take-home message, we believe that no insurmountable obstacles would prevent substantial increases in IPM implementation in Italian vineyards, if interest among research scientists in promoting and transferring existing knowledge can be cultivated. Scientists must play a leading role in engaging all groups of stakeholders to work together with a common goal, which probably has been the most important factor in the success achieved in the project discussed above. The final aim of the present approach for pesticide-free management of vineyard pests is to boost a synergistic publicprivate cooperation, in a comparable manner to that recently experienced by USA Extension services and private partners (Krell et al. 2016) , allowing decision-makers to receive a continuously updated and balanced pest management knowledge, to help them in managing their grows, with substantial benefits for human health and the environment. PSR 2014 PSR -2020 
